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1  Introduction 


Background 

Low-drq>  grade  control  structures  have  beoi  used  to  arrest  erosion  in 
incising  channels.  The  concept  of  the  drop  structure  was  originally  developed 
based  on  an  equivalent  energy  approach.  Numerous  variations  and  types  of 
these  structures  have  been  consmicted  both  in  model  studies  and  in  prototype 
locations. 

Sheet-pile  grade  control  structures  have  been  used  in  the  Demonstration 
Erosion  Control  (DEQ  Project  in  the  Yazoo  Basin,  Mississq^i,  to  arrest 
erosion  due  to  headcutting.  These  structures  consist  of  an  upstream  abroach 
transition  section  from  the  natural  channel  to  the  sheet-pile  weir,  a  vertical 
drop  into  a  r4>nq)  stilling  basin  to  dissipate  the  oiergy,  and  a  downstream 
transition  section  that  ties  back  into  the  natural  channel.  The  sheet-pile  and 
ripr^  ^roach  to  low-drop  design  is  an  economical  alternative  to  a  concrete 
structure  and  ^ron. 


Purpose  and  Approach 

Current  design  criteria'  for  a  sheet-pile  grade  control  structure  limits  the 
drop  height  to  6  ft.  The  limits  are  partially  based  on  hydraulic  limitations  and 
partially  on  structural  design  limitations  of  the  vertical  placement  of  the  sheet- 
pile  cutoff.  Due  to  the  potential  for  cost  savings  with  a  sheet-pile  structure  as 
opposed  to  a  concrete  d^  structure,  a  re-evaluation  of  structural  design 
components  by  the  Vicksburg  District  verified  the  constructability  of  a  higher 
drop  (10  ft).  However,  the  hydraulic  performance  and  riprap  design  criteria 
were  not  heretofore  tested  for  the  Agricultural  Research  Service’s  (ARS)  low- 
drop  structure  nor  design  criteria  devel(q)ed  for  sheet-pile  riprap  drops  greater 
than  6  ft. 


'  Little,  W.  C..  and  Murphy,  J.  B.  (1982).  'Model  study  of  low  drop  grade  control  struc¬ 
tures,*  Journal  cf  Ae  Hydraulics  Division,  ASCE,  108(HY10),  1132-1146. 
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Drop  structures  have  typically  been  classified  either  as  low  or  high  drops 
according  to  a  ratio  of  dr^  hei^,  H,  to  critical  depth,  Low  drops  are 
classified  as  those  with  a  H/Y^  less  than  or  equal  to  1.  The  proposed  drcq) 
height  of  10  ft  would  change  the  classification  of  drop  structure,  for  the  same 
design  discharge  and  critical  depth  of  6  ft,  by  exceeding  1 .  Therefore,  based 
on  the  differaices  between  the  actual  drop  classification  and  the  proposed 
design  criteria,  it  was  necessary  to  study  the  hydraulic  performance  of  this 
structure. 

TIm  purpose  of  this  study  was  to  modify  and/or  develop  guidance  regard¬ 
ing  both  the  hydraulic  design  and  tlM  stable  ripr^  design  to  accommodate  a 
10-ft  drop  structure  with  an  H/Y^  greater  than  1 .  The  objective  of  the  study 
was  to  determine  the  feasibility  of  using  a  higher  drq>  and  develop  design 
guidance  pertaining  to  the  higher  drop.  A  l:12-scale  physical  model  was  used 
to  investigate  the  proposed  sheet-pile  grade  control  structure  with  a  10-ft  drc^. 
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2  Design  Assumptions 


The  drq)  stnictuie  design  was  based  on  tiK  modified  ARS-type  stnicmre 
previously  recommended  in  a  study  conducted  by  Colorado  State  University 
(CSU).  The  dimensions  were  determined  from  the  ARS  criteria  and  the  CSU 
study,  along  with  recommendations  by  the  Vicksburg  District.  The  original 
basin  design  dimensions  and  criteria  were  selected  such  that  results  from  the 
CSU  model  and  the  US  Army  Engineer  Waterways  E]q)eriment  Station  (WES) 
model  would  be  con^iarable.' 

Many  of  the  design  dimensions  were  contingent  iqwn  the  critical  depth; 
therefore,  a  design  discharge  of  4,000  c£s  select^.  This  same  design 
discharge  bad  been  used  in  die  previous  model  by  CSU.  A  channel  bottom 
width  and  weir  length  of  40  ft  was  selected.  The  weir  sh^  was  trapezoidal 
with  2.S:1  side  sl(q;)es.  The  critical  dqith  based  on  the  weir  cross-sectional 
shape  and  the  discharge  was  6.0  ft.  All  design  dimensions  that  are  a  function 
of  critical  depth  were  based  on  6.0  ft.  The  channel  drop,  H,  for  design  was 
10  ft. 

The  basin  design  criteria  deviates  slighdy  fr(»n  that  developed  by  Little  and 
Murphy^  according  to  actual  prototype  structures  used  in  the  DEC.  Specifi¬ 
cally,  a  tr^iezoidal  stilling  buin  replaced  the  wider  and  more  rounded  plan- 
form;  the  drq>  was  vertical  instead  of  sloping;  the  baffle  plate  was  not  used; 
and  the  location  of  the  larger  riprap  was  based  on  the  critical  areas  identifred 
in  the  CSU  study. 


Drop  Structure  Dimensions 

The  dimensions  were  determined  from  the  following  criteria  (notation 


'  Abt.  Steven  R..  Watson,  Oiester  G.,  Johns.  Derek  D..  Hamilton,  Glenn  B.,  Carton, 
Andrew  D.,  Florentin,  C.  Bradley,  and  Thornton,  Christopher  I.  (1991).  'Riprap  sizing 
criteria  for  ARSnype  drop  structures,*  prepared  by  the  Department  of  Civil  Engineering. 
Colorado  State  UniveistQr,  Fort  Collins,  CO,  for  U.S.  Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  MS. 

*  Op.Cil. 
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■dapted-  from  Abt  et  al.*).  The  weir  was  set  at  a  fictitioiis  prototype  elevation 
of  100  ft  The  drc^  plan  and  |m>01e  dimensions  are  shown  in  Figures  1  and  2. 


Given: 

The  design  disdiarge*  Q 
Q  -  4000  cfs 

The  channd  width  and  weir  length,  B 
B  mAOft 

The  stilling  basins  side  slqies,  Sg 
S,  -  23^:1  V 

The  end  sill  slope,  Sg 
•  SH:1V 


Calculate: 

The  variable,  Xg 


Xg 


-  y. 

3.54  +  4.26 

i>'') 

The  stilling  basin  length,  L„ 


LggmlXg 


The  stilling  basin  dq)th, 


*  Op.  cit 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 
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Riprap 


The  pievioiis  study  by  CSU  reooounended  that  two  gradations  of  ripr^  be 
used  in  the  dn^  structure  design.  The  larger  gradation  is  placed  inun^iately 
downstream  of  the  weir  and  along  the  basin  floor,  while  the  smaller  is  placed 
on  the  remaining  side  slopes  and  in  the  approach.  The  q>ecific  dimensions 
and  placement  can  be  seen  in  Figures  1  and  2. 

Based  on  guidance  from  the  Vicksburg  District,  two  gradations  of  r^rq) 
were  originally  selected.  The  gradation  envelopes  for  the  ripnq>  used  in  the 
model  were  obtained  flxmi  a  Lower  Missisappi  Valley  Division  docnmmit, 
'Report  on  the  Standardization  of  The  thickness,  based  on  highly 

turbulent  flow,  for  the  stone  having  an  upper  limit  of  1,500  lb  (R1500)  and  the 
Slone  having  an  uppa  limit  of  200  lb  (R^)  was  48  in.  and  24  in.,  reflec¬ 
tively.  These  gra^tions  are  common  to  the  Vicksburg  District  area.  The 
gradations  are  as  follows  for  a  specific  weight  of  155  pcf: 


PMeem  Ughlsr  by  Welglit 

R1 800  Slone  Slaa 

Upper  Lower 

R200StoneSI»  I 

Upper  Lower  | 

100 

1500 

600 

200 

60 

SO 

650 

300 

80 

40 

15 

330 

100 

40 

10 

At  the  request  of  the  Vicksburg  District,  a  larger  gradation  was  used  in 
place  of  the  R1500  stone  following  the  first  set  of  tests.  This  stone  size 
having  an  upper  limit  of  2,200  lb  (R2200),  is  placed  at  a  minimum  thickness 
of  54  in.  Ilie  gradation  for  a  fiecific  weight  of  155  pcf  is: 


Pereent  Ughlor  by  WeigM 

R2200  Stone  Size  1 

Upper  Lower  | 

100 

2200  900  1 

50 

930  440  1 

IS 

460  130  1 

'  U.S.  Army  Engineer  Division,  Lower  Mississippi  Valley.  (1981  (revised  Jan  1982)).  'Report 
on  standardization  of  riprap  gradations,”  Vicksburg,  MS. 
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Flow  Conditions 


Dischaiges  studied  ranged  from  2,000  cfs  to  8,000  cfs  with  a  design  dis¬ 
charge  of  4,000  cfs.  When  testing  began  for  the  DEC  study,  the  maximum 
prototype  discharge  that  could  be  simulated  in  the  physical  model  was 
5,300  cfs.  Modiflcations  were  later  made  to  carry  a  higher  discharge.  Tail- 
water  conditions  wo'e  varied  from  a  low  elevation  of  9S.4  ft  (4.6  ft  below  weir 
crest)  at  2,000  cfs  to  a  maximum  elevation  of  109  ft  (9  ft  above  weir  crest). 
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3  The  Model 


Description 

A  l:12-scale  model  of  a  10-ft  drop  grade  control  structure  proposed  for  the 
DEC  project  was  constructed  to  test  riprap  stabflity  for  various  flow  con¬ 
ditions.  The  model,  shown  in  Figures  3-S,  rq)ioduces  spproximately  400  ft  of 
the  prototype  approach  charmel,  the  weir,  stOling  basin  and  aid  sill,  and 
approximatdy  320  ft  of  downstream  channel.  The  dimoisions  of  the  drop 
control  structure  were  based  on  a  design  discharge  of  4,000  cfs  and  critaia 
previously  tested  by  CSU.^  The  upstream  and  downstream  channels  were 
constructed  by  molding  sand  and  cement  mortar  to  sheet  metal  templates.  The 
weir  was  constructed  from  plywood.  The  stilluig  basin  was  constructed  with 
sand,  and  graded  rock  was  placed  ova*  a  fOta  cloth.  A  layout  of  the  model  is 
shown  in  Figure  6  in  inrototype  dimensions. 


Modei  Appurtenances 

The  water  was  supplied  by  a  circulating  system  and  discharges  were  mea¬ 
sured  with  a  venturi  meter.  Velocities  were  measured  with  a  one-dimensional 
propdler  type  dectronic  vdocity  meter.  Water  surfaces  were  recorded  using 
piezometers.  The  locations  of  piezometers  used  for  wata-surface  measure¬ 
ments  and  locations  where  the  vdocities  were  recorded  are  shown  in  Figure  7. . 
Tailwata  conditions  wae  regulated  by  adjusting  a  tailgate  until  the  most 
downstream  piezometa  was  reading  the  desired  tailwata  devation.  Flow 
conditions  wae  recorded  photographicaliy  and  with  video  camera.  Velocities 
in  the  upstream  and  downstream  channel  sections  woe  measured  for  each 
condition.  Photos  were  also  obtained  when  riprap  di^lacement  occurred  in 
the  stflling  basin  exposing  the  fllta  cloth. 


'  Abt  et  al.,  op.  ciL 
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Scale  Relations 


The  equations  of  hydraulic  similitude,  based  on  the  Froude  criteria,  were 
used  to  express  mathematical  relations  between  the  dimensions  of  hydraulic 
quantities  of  the  model  and  prototype.  General  relations  for  transferring  model 
data  to  prototype  equivalents  are  as  follows: 


Cliaraelwlade 

Dtmenakw* 

Seale  Relatioiia  1 

MedekProtatype  | 

LangSt 

t» 

1:12  1 

Area 

1:144  I 

Iveloeitr 

1:3.464 

Ipime 

1 

1:3.464 

Diacharga 

1.  (98.83 

Weight 

1:1,728 

Roughneea  Coefficient 

1:1.513 

Using  a  model  stone  with  a  ^lecific  weight  of  167  pcf,  stone  sizes  in  the 
model  were  conservatively  select  toward  the  lower  side  of  the  gradation 
envelope.  The  equivalent  ^hmcal  diameter  at  50%  passing  by  weight,  dj^  of 
each  padation  tested  in  the  model  at  prototype  and  model  dimensions  is  as 
follows: 


1 

Prototype 

zz - 1 

fsione  Sla  Type 

dUfl 

|r200 

0.75 

- 

|r1800 

1.50 

|r2200 

ZOO 

zoo  II 
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4  Tests  and  Results 


The  same  stilling  basin  design.  Type  1,  was  used  tiuoughout  testing.  Two 
different  weir  designs  were  used;  a  trapezoidal  weir.  Type  1  Design  Weir  and 
a  rectangular  weir.  Type  2  Design  Weir.  The  anall  stone  (R200)  remained 
constant  in  the  descrft^  locations  throughout  testing.  In  the  areas  containing 
large  stone,  however,  two  gradations  of  stone,  R1500  and  R2200,  were  tested. 
In  one  series  of  tests,  the  RISOO  gradation  was  grouted. 

The  small  section  of  r^r^  placed  irmnediately  upstream  of  the  weir  was 
grouted  due  to  r^rap  faflure  occurring  for  low  tailwater  conditions.  During 
testing  it  was  found  that  velocities  in  tiut  area  exceeded  16  ^  with  a 
discharge  of  4,000. 

Riprap  failure  was  deflned  as  the  condition  ^ere  sufHcient  stone 
displacement  occurred  to  expose  the  und^ying  filter  cloth. 

A  total  of  93  tests  were  conducted  for  this  study.  Table  1,  summary  of  test 
conditions,  contains  surtunary  information  regarding  each  test 

Velocity  and  profile  data  for  certain  tests  are  provided  during  the 
discussion.  These  data  are  provided  to  evaluate  the  flow  conditions  in  the 
q^roach  and  exit  charmels. 


Type  1  Design  Stilling  Basin  and  Type  1  Design 
Weir 

Initial  tests  CTests  1-13)  were  conducted  with  the  Type  1  design  basin 
(Figure  1)  and  Type  1  design  weir  (Figure  8).  All  tests  were  run  for  a  time 
period  of  7  hours  prototype.  With  a  discharge  of  2,000  cfs  and  tailwater  ele¬ 
vation  of  109 J,  surface  jet  type  flow  conditions  existed,  as  shown  in  Figure  9. 
The  downstream  water  surface  was  rdativdy  smooth  and  the  riprap  ronained 
stable.  Water-surface  elevations  and  vdocity  measurements  for  this  condition 
are  shown  in  Figure  10.  The  discharge  was  increased  to  2,500  cfs  with  the 
tailwato'  elevation  remaining  at  109.5.  Data  similar  to  those  obtained  with  a 
discharge  of  2,000  cfs  are  shown  in  Figure  11.  The  riprap  again  remained 
stable. 


Chaptsr  4  TmIs  and  Raautts 


When  the  duchaige  was  incfeased  slightly  to  3000  cfs,  changes  were 
observed  in  the  downstream  water  surface.  Surface  flow  dominated  the  tail- 
water  conditions  and  small  vortices  shedding  off  both  sides  of  the  weir  were 
present  in  the  stilling  basin  (Figure  12).  These  vortices  did  not  cause 
significant  turbulence  directly  over  the  riprap  due  to  the  depth  of  tailwater,  and 
the  riprap  remained  stable.  Small  eddies  also  formed  over  the  side  sk^>es  of 
the  stilling  basin  downstream  of  the  weir.  A  water-surface  profile  and  velocity 
measurements  are  provided  in  Figure  13. 

The  disdiarge  was  increased  to  3,500  cfs  with  the  tailwater  elevation 
remaining  at  109J.  Velocities  increased,  but  flow  conditions  were  similar  to 
those  observed  with  3,000  cfs. 

Tests  were  then  conducted  with  the  design  discharge  of  4,000  cCs.  With  the 
tailwater  at  el  109.5,  flow  conditions  were  similar  to  those  observed  widi  a 
d^harge  of  3,500  cfs  with  the  same  taflwater  conditions,  and  the  riprap 
remained  stable  (Figures  14  and  15). 

The  next  series  of  tests  consisted  of  lowering  the  tailwater  elevation  with  a 
discharge  of  4,000  cfs  until  rqrr^  faOnre  occurred.  When  the  tailwater  was 
lowered  to  el  108.0,  increases  in  water-surface  rou^ess  and  velocities  were 
observed,  but  the  riprap  remained  stable.  As  the  tailwater  was  lowered  to  d 
105.0,  velocities  and  water-snrfsce  roughness  ova  the  stilling  basin  increased, 
as  did  the  vortex  activity  and  turbulence  from  the  comers  of  the  weir,  as 
would  be  expected.  However,  the  riprq>  still  remained  stable.  Velocities  and 
water-surface  profQes  for  these  conditions  are  provided  in  Figures  16-19. 

Figure  20  is  a  photo  of  flow  conditions  with  a  tailwater  devation  of  105.0. 

When  the  tailwater  was  lowoed  to  d  104.0  (Figures  21  and  22),  an 
increase  in  the  size  of  the  surface  waves,  tighter  eddies  dong  each  side  of  the 
basin,  and  di^lacement  of  some  stones  from  the  stilling  badn  to  the 
downstream  exit  chatmel  were  r^rsoved,  but  no  flltor  cloth  was  etqrosed.  At  a 
tailwater  elevation  of  103.0  (Hgures  23  and  24),  an  undulating  type  hydraulic 
jump  formed  in  the  stflling  l^in  isiiich  contributed  to  an  increase  in 
downstream  surface  waves.  It  was  dso  observed  that  similar  stone 
di^laconent  occurred  at  this  taflwater  devation  as  compared  to  tests 
conducted  with  the  taflwater  devation  at  104.0.  With  a  tailwata-  devation  of 
102.0,  a  very  weak  hydraulic  jump  formed  in  the  stflling  basin  and  there  was 
some  decrease  in  downstream  surface  waves,  as  shown  in  Figure  25.  Stone 
di^lacement  was  similar  to  obsmvations  noted  at  tailwatm*  d  103.0.  Velocity 
measutemoits  and  a  water-surface  profile  are  shown  in  Figure  26. 

Failure  in  the  R1500  riprap  gradation  occurred  whoi  the  taflwater  devation 
was  lowered  to  101.0  with  a  discharge  of  4,000  cfs.  The  hydraulic  jump 
strengthened  and  tight  side  eddies  formed  downstream  of  the  sides  of  the  weir 
(Figure  27).  The  locations  where  the  riprap  failure  occurred  are  indicated  in 
Figure  28.  Figure  29  is  a  photograph  showing  the  exposed  Alter  cloth  for  the 
above  condition,  and  Figure  30  shows  velocities  and  a  water-surface  proAle  for 
this  flow  condition. 
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Tests  results  with  the  design  disdiarge  of  4,000  cfs,  the  Type  1  design 
basin  and  RISOO  stone  indicated  that  the  stilling  basin  rqirqi  gradations 
remained  stable  with  no  movement  or  displaconeat  with  taflwater  elevations 
ranging  down  to  lOS.O.  Using  a  value  for  critical  depth  of  6.0  ft  for  the 
Type  1  desi^  weir  and  the  submergence  crittfia  est^lidied  for  the  CSU 
sU^,  the  submergence  value  is  0.S3.  Actual  riprap  failure  occurred  at  a 
tailwater  elevation  of  101.0  with  the  Type  1  design  weir. 

Testing  was  continued  with  the  Type  1  design  weir  and  the  larger  riprap 
gradation.  The  R2200  ripny)  was  used  in  place  of  all  RISOO  stone.  The  same 
structural  shq>e  and  dimensions  were  used  for  these  tests  as  was  the  placement 
of  the  R200  stcme. 

Discharges  from  2,000  to  8,000  cfr  were  tested  in  500  cfr  increments  (tests 
40-103).  At  each  discharge,  the  tailwater  was  lowered  at  1-ft  increments  to 
define  the  point  where  riprap  failure  occurred.  Both  the  large  riprap  (R2200) 
and  the  small  riprap  (R200)  were  observed  for  these  conditions. 

In  previous  tests  where  the  discharge  was  only  taken  up  to  5,300  cfr,  the 
small  rock  was  not  obsnved  to  experience  failure.  Howevn,  at  high 
discharges  and  at  certain  tailwater  conditions,  the  small  rock  exhibited  failure. 
In  some  cases  the  small  rock  failed  at  a  higha  taflwater  than  the  large  rock. 
Failure  conditions  of  both  the  large  and  small  stone  were  documented  and 
considered  in  the  analysis  and  final  conclusions. 

When  failure  occurred  on  either  gradation,  the  locatkHi  essoitially  remained 
in  die  same  area  of  the  stilling  basin.  The  dimoisions  of  the  failure  areas  and 
sometimes  the  side  slope  on  which  they  were  observed  varied  for  different  test 
conditions. 

The  R2200  stone  did  not  fail  at  the  design  discharge  of  4,000  and  a 
tailwatCT  elevation  as  low  as  97.7.  No  movement  was  observed  at  a  tailwatn 
of  102.0.  The  submoi^nce  at  this  devation  was  033. 


Type  1  Design  Stilling  Basin  and  Type  2  Design 
Weir 


The  shape  of  the  weir  was  modified  in  an  effort  to  improve  flow  conditions 
in  the  stilling  basin.  The  weir  was  changed  from  a  trqiezoidal  to  a  rectangular 
shape,  as  shown  in  Figure  8.  As  a  result  of  the  restricted  weir  section,  the 
wato'-surfiKe  elevation  increased  in  the  approach  channel.  Again,  testing  was 
resumed  at  a  discharge  of  4,000  cfr  and  tte  tailwater  was  lowered  until  failure 
of  the  r^rap  occurred.  With  the  taflwater  elevation  set  at  109.0,  eddies  formed 
on  eadi  si^  of  the  stilling  basin  downstream  of  the  weir  and  flow  was 
directed  more  toward  the  center  of  the  channel  than  with  the  Type  1  design 
weir,  as  diown  in  Figure  31.  The  flow  downstream  of  the  weir  shifted  from 
one  side  of  the  basin  to  the  other  before  stabilizing  in  the  exit  channel.  This 
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type  of  otcillatiiig  flow  pattera  occaned  for  each  tailwater  elevalkw  obaerved 
widi  the  Type  2  design  weir  in  {dace.  The  r^p  remained  stable  for  a 
tailwater  elevation  of  109.0.  Velocities  and  a  water-surface  profile  are  shown 
in  Figure  32. 

The  tailwater  was  then  lowered  to  el  108.0.  Surface  flow  conditions  were 
similar  to  those  observed  at  tailwater  d  109.0;  however,  vdocity  magnitudes 
and  tuibUloice  increased  sufficiently  to  displace  some  stone  fiom  the  invert  of 
the  stilling  basin  to  the  downdream  eadt  channd.  Water-surface  and  vdocity 
measurements  (Figure  33)  indicated  that  the  previously  observed  surface  jet 
flow  was  beginning  to  plunge  and  a  submerged  jet  was  b^inning  to  form  over 
the  riprap  basin. 

With  a  tailwater  devation  of  107.0,  the  vdodties  again  increased  near  die 
invert  of  the  stilling  basin  over  the  riprqi  (Figure  34),  and  some  stones  were 
di^laced  to  the  exit  channd.  Surface  flow  conditions  were  similar  to  those 
observed  at  tailwater  el  108.0,  except  for  an  increase  in  downstream  surface 
wave  action. 

The  tailwater  devation  was  lowered  to  105.0  forming  surface  waves  with 
an  increase  in  vdocides  along  the  bottom  over  the  downstream  end  of  the 
basin  exit  dtannel,  as  shown  in  Figures  35  and  36.  A  number  of  stones  were 
di^laced  from  the  basin  floor  25  to  40  ft  downstream  of  the  weir,  indicating 
die  jet  flow  over  the  weir  was  |dunging  throng  die  tailwater.  Some  stones 
were  also  displaced  near  the  end  of  the  stilling  basin;  however,  no  doth  was 
exposed.  Flow  conditions  and  stone  dis|dacemeat  were  similar  at  a  tailwater 
devation  of  104.0.  A  vdodty  of  10.9 was  measured  near  the  bottom  at 
the  end  of  the  stilling  basin,  again  indicating  the  jxresence  of  a  submerged  jet 
(Figure  37). 

When  the  tailwater  was  lowered  to  d  103.0,  a  large  section  of  R1500  r^iap 
failed  (Figures  38  and  39).  Surface  flow  conditions  were  similar  to  those 
observed  at  tailwater  el  104.0,  with  a  sli^Uy  more  plunging  jet  Qrpe  flow  just 
downstream  of  the  weir  (Figure  40).  Vdodties  at  the  end  of  the  stilling  bmin 
were  more  evenly  distributed  throughout  the  depth  of  flow,  as  shown  in 
Figure  41.  This  was  due  to  the  miergy  dissqiation  that  occurred  over  the  scour 
area. 

The  rectangular  weir  (Type  2  derign)  moved  the  failure  zone  off  the  side 
slopes.  The  oiergy  increased  in  the  stilling  basin  due  to  the  restricted  cross- 
sectional  area  of  the  rectangular  weir  resulting  in  riprap  failure  on  the  basin 
floor  at  a  higher  submergence  of  0.44  (trqiezoidal  weir,  0.17). 

Vdodties  ova  the  type  2  design  weir  were  lower  than  vdocities  over  the 
Type  1  (trapezoidal)  design  weir  at  a  tailwater  devation  of  108  (compare 
Figures  16  and  33).  As  the  submergence  was  lowered,  velocities  over  the 
2  dedgn  weir  were  comparable  to  and  sometimes  higher  thrui  those 
ni»mired  over  the  Type  1  design  weir,  as  can  be  seen  by  comparing 
Figures  17,  18,  19,  23,  26,  and  30  with  Figures  34,  36, 37,  and  41.  The 
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water-sorfiKe  elevatioB  in  die  ^iproach  channel  was  higher  with  the 
rectangular  weir  in  plac^  therefore,  velocities  were  lower  in  the  approach 
diannel  tgaUream  of  the  weir. 

For  die  design  discharge  of  4,000  cCs,  the  R1500  stone  renoained  stable  with 
no  movement  with  tailwater  elevations  ranging  down  to  108.0  vidth  the  Type  2 
design  weir.  Using  the  CSU  submergence  criteria  and  a  critical  dqith  value 
for  the  rectangular  weir  of  6.8  ft,  the  submergence  for  this  conditions  is  1.18. 
Failure  occurred  at  a  tailwater  elevation  of  103.0. 


Type  1  Design  Weir  and  Type  1  Design  Stiiiing 
Basin,  Grouted  Section  of  Riprap 

Following  the  rqirap  failure  obsoved  in  evaluation  of  the  Type  2  design 
weir,  further  testing  was  conducted  with  the  Type  1  design  weir.  Tests  were 
conducted  to  determine  the  effectiveness  of  grouting  a  portion  of  the  riprap 
bdow  the  Type  1  design  weir,  as  shown  in  Figure  42.  Initial  tests  were 
conducted  with  a  discharge  of  4,000  cfs.  Velocity  profiles  and  water>surface 
devations  for  a  discharge  of  4,000  cfs  with  tailwater  devations  of  101.0  and 
above  were  not  measured  with  the  grout  in  place.  Conditions  wiH  be  the  same 
as  Type  1  weir,  no  grout 

The  tai'  ''.ter  devation  was  set  at  103.0,  and  as  in  previous  tests,  an 
undular*b'  .mp  formed  in  the  basin  with  surface  waves  in  the  downstream 
diannel.  r  .aall  number  of  the  small  size  (R200)  stones  were  displaced  firom 
the  side  slopes  immediatdy  downstream  of  the  grouted  area.  The  stone  was 
di^laced  upstream  to  the  grouted  area.  Tliis  minor  di^lacement  may  have 
beat  taking  place  in  previous  tests  without  the  grout,  but  went  unnoticed  since 
it  Molded  in  with  the  existing  stone  in  the  area. 

The  tailwato  was  then  lowered  to  el  1020  and  a  weak  hydraulic  jump 
formed  in  the  basin  with  a  reduction  in  downstream  wave  action.  Strong 
eddies  formed  on  each  side  of  the  jump  and  q^roximately  20  to  30  of  the 
R200  gradation  stones  from  the  side  dopes  were  di^laced  upstream  to  the 
grouted  area 

With  a  tailwato  devatkm  of  101.0,  a  strong  hydraulic  jump  formed  over 
the  grouted  area  and  downstream  surface  waves  woe  reduced.  Strong,  tight 
eddies  formed  on  each  side  of  the  jump  and  a  significantly  largo  numbo  of 
the  R200  gradation  stones  were  displaced  from  the  side  slopes  immediately 
downstream  of  the  grout  upstream  to  the  grouted  area,  but  no  cloth  was 
exposed. 

When  the  tailwato  was  lowered  to  el  100.0,  the  jet  plunged  ovo  the  weir 
forming  a  strong  hydraulic  jump  with  good  enogy  dissipation  over  the  grouted 
area.  The  improved  hydraulic  conditions  resulted  in  fewo  stones  being 
di^laced  from  the  side  slopes  downstream  of  the  grout  than  were  observed  at 
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the  higher  satHueigeiice  previously  tested  The  water  surface  in  the  exit 
chttmel  was  relatively  smooth  and  velocities  in  this  area  were  fairly  uniform 
tibrou^ttt  die  dqith  of  flow.  Similar  flow  conditions  were  observed  with  a 
tailwatcr  devation  of  99.0.  Vdocity  and  water-surface  measurements  for 
tailwater  etevations  of  100.0  and  99.0  are  shown  in  Figures  43  and  44, 
reapectivdy.  A  tailwater  devation  of  99.0  was  the  lowest  that  could  be 
obtained  in  the  modd  for  a  discharge  of  4,000  cfs. 

Additiond  tests  were  oonduded  at  a  discharge  of  5,300  cfs  to  det»mine  the 
riprap  stability  under  these  extreme  conditions.  Tests  were  initially  conducted 
with  a  tailwater  devation  of  109.0.  The  flow  jet  did  not  plunge  at  this 
tailwater  elevatkm,  but  remained  along  the  surface  creating  surface  craves  over 
the  stilling  basin  area  (Figure  45).  The  riprq>  did  remain  stable  for  these  tests. 
Vdocities  and  a  water-surface  profile  for  the  above  flow  condition  are  shown 
in  Figure  46. 

When  the  tailwater  was  lowered  to  d  108.0  and  107.0  (Figures  47  and  48^ 
the  downstream  surface  waves  increased  and  the  thidmess  of  the  jet  over  the 
weir  noticeably  increased  compared  to  flow  conditions  observed  with  a 
discharge  of  4,000  cfs.  This  resulted  in  increased  turbulence  over  the  basin 
area.  Some  small  to  medium  size  R200  gradation  stones  were  diq[>laced 
iqMtream  to  the  grouted  area.  Some  of  the  larger  R1500  gradation  stones  were 
di^laced  from  the  end  sill  to  the  downstream  exit  diannel.  However,  no  filter 
doth  was  eiqposed.  Figure  49  is  a  photograph  of  flow  conditions  with 
tailwater  el  107.0. 

The  tailwater  devation  was  lowered  to  106.0.  An  undular  junqi  formed 
creating  large  surface  waves  downstream  of  the  weir.  Stone  di^lacement  was 
from  the  same  areas  as  observed  with  higher  taflwater  devations,  but  the 
number  of  stones  di^laced  increased.  In  some  areas  of  the  side  slopes  just 
downstream  of  the  grouted  riprap,  the  R200  gradation  was  reduced  to  a  one- 
stone  thickness  over  the  filter  doth,  further  indicating  poor  hydraulic 
conditions  present  in  the  stilling  basin.  Velocities  and  a  water-surface  profile 
for  the  above  condition  are  shown  in  Rgure  50. 

Failure  of  the  riprq>  occurred  when  the  taflwater  was  lowered  to  d  105.0. 
An  undular  jump  formed  with  strong  eddies  on  both  sides  of  the  stilling  basin 
and  large  surface  waves  present  downstream,  as  diown  in  Figure  51.  The 
plunging  flow  from  tiie  sides  of  the  weir  created  sufficient  turbulence  on  the 
side  slopes  downstream  of  the  grouted  section  to  fail  patches  of  the  R200 
riprqi  on  the  left  and  ri^t  side  slopes.  The  movement  of  stone  was  mainly  in 
the  downstream  direction,  but  some  stones  were  di^laced  from  the  aid  sill 
area  to  the  exit  channd.  Locations  whae  failure  occurred  are  provided  in 
Figures  52  and  53.  Vdocities  and  a  wata-surface  profile  for  a  tailwata 
devation  of  105.0  are  shown  in  Figure  54. 

A  section  of  grouted  riprap  below  the  Type  1  design  weir  allowed  for  Iowa 
submergences  without  failure  of  the  ungrouted  riprap  for  a  disdiarge  of 
4,000  cfs.  When  a  strong  hydraulic  jump  formed  ova  the  grouted  section  of 
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rqinp,  good  energy  diss^Mtioa  was  observed  in  this  area  and  no  ripnp  faflute 
ooomed.  Althouf^  no  riprap  failure  occurred  with  a  discharge  of  4,000  cfs, 
moderate  riprap  di^lacei^t  was  recorded  at  tailwater  elevations  between 
103.0  and  99.0.  This  instability  would  indicate  the  need  to  extend  the  grouted 
riprq>  further  downstream. 

The  critical  depth  for  a  discharge  of  5^00  cfs  is  6.9  ft  With  the  grouted 
riprq)  in  place,  the  loose  riprap  was  unstable  in  the  stilling  basin  for  tailwatn 
elevations  below  109.9  and  failed  at  a  tailwater  elevation  of  105.0.  The 
submergence  at  diese  tailwaters  are  1.30  and  0.27,  reflectively. 
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Analyses  of  the  data  were  performed  according  to  the  same  methodologies 
and  criteria  used  by  CSU  in  their  previous  evaluation  of  a  6-ft  drq>  grade 
control  structure.  Evaluation  of  tte  test  results  in  this  manner  allowed  for  the 
ctmqMrison  of  recommended  design  equations.  The  tests  used  for  the  analysis 
of  tte  Tipap  included  teM  1-13  and  tests  40-103.  In  the  CSU  study,  a  rq>rq> 
design  equation  was  developed  to  determine  the  minimum  stone  requirements 
for  a  vertical  drop  structure  widi  a  trapezoidal  weir. 

The  fimd  recommended  design  method  CSU  related  the  D50  to  unit 
discharge  (q),  critical  dqith  (Kc)  and  sulmiergence  (S).  Unit  discharge  was 
defined  in  this  study  as  ^  design  discharge  divided  by  the  length  of  weir. 

For  a  rectangular  weir  this  accurately  reflects  die  discharge  per  unit  foot  of 
flow.  For  a  tnqpezoidal  weir.  Type  1  weir  design,  the  unit  q  determined  by 
dividing  the  total  discharge  by  tte  bottom  width  of  die  weir,  actually  results  in 
a  higher  unit  rqnesentatkm  of  the  flow  nmditions  because  it  essentially 
ignores  the  flow  area  over  the  slope.  However,  this  method  was  agreed  iqion 
betwem  die  Vicksburg  District  and  CSU  for  the  6-ft  drq>  and  was  dwrefore 
adopted  by  WES  in  the  analysis  of  die  10-ft  drop.  Using  this  definition 
precluded  use  of  the  results  for  loow  rqirap  from  the  type  2  weir  design  tests. 
(Tests  using  grout  were  not  included  either.) 

The  theoretical  values  of  critical  dqith  and  normal  dqpth  (Yn)  were 
calculated  using  die  methodology  described  in  Chow’s  Open-Channel 
Hydrautia^  and  are  found  in  Tables  2  and  3  of  test  results.  The  calculations 
for  normal  dqith  assumed  a  stream  slope  of  0.(X)24,  side  slopes  of  1:1,  and  a 
Manning’s  n  value  of  0.035.  Critical  depth  calculations  were  used  in  the 
analysis  to  determine  submergence. 

Submergence  is  defined  as  the  elevation  of  the  tailwater  minus  the 
elevation  of  the  weir  all  over  critical  depth.  This  can  be  a  negative  value  if 
the  tailwater  elevation  is  below  the  weir. 

ValiMS  for  q/DSO  and  submergence  from  Tables  2  and  3  (large  riprap 
stability  and  small  riprap  stability)  were  plotted  to  establish  a  relationship 


'  Oww,  VenTe.  (1939).  Open-OKiiMe/ ^K/rouCcs.  McGraw-Hill,  New  York. 
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between  these  variables  for  both  the  lai:ge  riprap  and  the  snudl  riprap.  The 
stability  of  the  large  stone  was  evaluated  first.  Figure  55  shows  the  data 
points  for  the  large  ripnq).  An  esqKHieiUial  curve  was  fitted  through  the  data 
to  define  a  threshold  between  the  stable  and  not  stable  riprq).  The  exponottial 
form  of  the  equaticm  was  based  on  the  CSU  study.  The  coefficioits  were 
determined  using  a  statistical  software  package  to  fit  the  observations  at  the 
threshold  to  the  model.  The  final  design  equation  for  the  10  ft  drop  is: 


-1  -  38.53  e”'*  (8) 


The  equation  rectmimended  by  CSU  for  the  6  ft  drop  was: 


-1  »  31.97 (9) 


Con^Mring  the  two  derign  equations.  Figure  56,  it  can  be  seen  that  there 
appears  to  be  some  discrq)ancy  on  the  lower  end  of  the  curve.  That  is,  for 
^ues  of  submergence  of  tqjproximately  0.3  or  less,  the  10-ft  drq)  curve 
gives  a  smaller,  or  less  conservative,  stone  size  for  a  given  unit  d^charge  and 
submergence.  Upon  evaluation  of  the  test  data  used  by  CSU,  it  was 
determined  that  testing  was  not  conducted  at  as  many  lower  submergoice 
values  as  it  was  for  this  study.  Therefore,  more  data  points  were  used  to 
define  the  curve,  giving  it  more  creditability  at  the  lower  submergence. 

The  design  guidance  recmnmended  by  CSU  also  included  a  safety  factor. 
That  is,  they  determined  the  shift  in  the  design  D50  due  to  outliers  from  their 
testing  and  concluded  that  the  safety  foctor  should  be  1.25.  Values  of  D50 
deteimined  by  the  equation  should  be  multiplied  by  1 .25.  Similar  analysis  of 
outlying  points  from  the  testing  on  the  10-ft  drq)  came  to  the  same 
recmnmaided  safety  factor  of  1.25. 

In  the  analysis  of  tlw  small  stone  it  was  deteimined  that  at  higher  dis- 
chaiges,  coupled  with  the  higher  drop,  a  large  circular  eddy  tended  to  fail  the 
small  stoiw  at  the  water  line.  This  failure  resulted  in  an  eventual  slough  of 
materials  down  slt^  and  a  mass  failure  of  the  small  rock. 

Therefore,  special  guidelines  should  be  observed  in  the  design  of  the  small 
stone.  First,  the  absolute  minimum  rock  size  should  be  the  R200  gradation. 
Second,  design  conditions  for  this  rock  design  should  fall  within  the  observed 
stable  conditions.  Testing  concluded  that  the  maximum  q  for  submergences  of 
s^roximately  0.33  or  less  is  100  cfs/ft  for  a  stable  condition.  This  discharge 
rq>resents  the  design  q  for  this  drop  structure. 
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Hguie  57  shows  the  curve  which  bounds  the  stable  and  unstable  conditions 
for  the  small  r4>rap.  Testing  was  not  conducted  which  varied  the  size  of  the 
small  stone;  therefore,  stone  sizes  are  indeterminable  for  values  of  q  in  excess 
of  100  at  submergences  of  0  J3  or  less. 


E18 


Chapters  Anteyais 


6  Conclusions  and 
Recommendations 


Hydraulic  Conditions 

In  general,  velocities  in  the  aj^roach  channel  increased  with  increasing 
discharges.  Velocities  in  the  exit  channel  increased  with  decreasing 
sutnneigence.  To  insure  stability  of  the  aj^roach  and  exit  channels  more 
consideration  should  be  given  to  the  velocities  in  these  areas. 

Tests  performed  using  the  Type  2  weir  (rectangular)  seemed  to  indicate 
that  energy  dissipation  was  more  confined  to  the  stilling  basin  than  during  the 
trar  czoidal  weir  tests.  While  this  leads  to  an  earlier  failure  of  the  stone  below 
the  weir,  velocities  were  lower  in  the  exit  channel.  Furthermore,  upstream 
of  the  weir,  the  water  was  pooled  behind  the  weir  causing  eddies  to  form  on 
each  side  of  the  qiproach  channel.  Since  pool  levels  were  higher  with  this 
design,  tq^roach  velocities  were  lower.  Optimum  hydraulic  performance 
would  dictate  that  the  transition  from  the  natural  chaimel  into  the  weir  should 
be  a  controlled  contraction  of  the  channel  to  the  weir.  However,  due  to  the 
limitations  regarding  stone  placement  on  a  2.5:1  slope  in  the  upstream 
approach  this  may  not  be  feasible. 


Riprap  Stability 

In  areas  where  loose  stone  was  grouted  in  the  model,  both  upstream  of  the 
weir  and  in  the  stilling  basin,  no  failure  of  the  stone  occurred.  Since  there  is 
a  risk  of  mass  failure  due  to  uplift,  consideration  of  this  option  should  be 
based  on  field  success. 

Due  to  the  instability  of  the  small  stone  at  the  higher  discharge  during  the 
grouted  basin  tests,  consideration  should  be  given  to  either  extending  the 
grouted  section  of  rock  or  increasing  the  small  stone  size.  These  tests  also 
verified  the  need  to  study  the  effects  of  riprap  stability  with  discharges  greater 
than  the  design. 
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Chapter  6  Concknions  arvl  Recommendations 


Beyonid  the  guidelines  described  in  the  analysis  section,  a  design  equation 
is  not  recommended  for  the  small  ripnq>  until  further  studies  are  conducted. 
Furthermore,  tests  slKHild  be  conchuted  to  vmfy  the  effects  of  riprap  stability 
with  discharges  greater  than  design. 

Design  of  the  large  stone  for  the  10-ft  drop  should  be  based  on  the 
modified  equation  for  large  stone  (tevelqied  tom  this  testing.  (See 
Equation  8.) 

A  prqrerly  designed  granular  filter  of  smne  type  should  be  provided 
beneath  the  graded  ripnq>  to  prevent  piping  through  voids  in  the  rock. 

Further  studies  should  consider  the  following; 

a.  Optimize  the  dimensions  of  the  approach  to  minimize  upstream 
velocities. 

b.  Consider  combinations  of  loose  stone,  gabions,  and  concrete  protection 
in  design  of  the  structures. 

c.  Consider  modifications  to  the  stilling  basin  dimensions. 

d.  Lengtlwning  the  stilling  basin  and  adding  energy  dissipating  baffle 
"blocks". 

e.  Take  into  account  the  discrepancies  in  defining  unit  q  for  trapezoidal 
and  rectangular  weirs. 

/.  Model  environmentally  enhancing  alternatives  such  as  rock  dikes  in  the 
stilling  basin. 

g.  Take  detailed  velocity  measurements  in  the  stilling  basin  to  facilitate 
calibration  of  numerical  models. 

h.  Conduct  more  tests  to  determine  the  stable  design  criteria  for  the  small 
riprap,  especially  at  discharges  in  excess  of  the  design  discharge. 

In  summary,  the  objective  of  this  study  were  accomplished  by  providing  an 
equation  for  design  of  stone  in  a  10-fi  drop  structure  a^  guidai^  on 
hydraulic  design  of  a  rectangular  shq)ed  weir.  However,  some  caution  should 
be  exhibited  in  the  inq>lementation  of  the  structure  in  a  movable  bed  chamiel, 
especially  with  regard  to  the  upstream  q^proach  and  the  downstream  exit 
channel. 
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RIPRAP  SECTION 


Figure  E3.  Looking  upstream,  Type  1  weir,  R1500  stone 


Figure  E5.  Upstream  view  of  test  area,  Type  1  weir,  R1500  stone 


Figure  E6.  Model  layout  in  prototype  dimensions 


Figure  E7.  Piezometer  and  velocity  measurement  locations 


Figure  E8.  Weir  cross-sectional  shapes 


Figure  E9.  Type  1  weir,  Q  «  2000  cb,  7W  el  >  109.5 


Figura  E10.  Water-surfMe  profile  and  velodty  measuremenli,  Type  1  weir,  Q  ■  2000  cfi,  TW  ei  >  109£ 
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Figure  Ell.  Water-surfaoe  profile  arKi  velocity  measurement*,  Type  1  weir,  Q  ■  2500  cfs,  TW  el  >  109.5 


Figure  E12.  Type  1  weir,  Q  >  3000  cfs,  TW  el  >  109.5 


Figure  E13.  Water-surface  profile  and  velocity  measurements,  Type  1  wete^,  Q  ■  3000  cfe,  TW  el «  109.5 


Figure  E14.  Type  1  weir,  Q  -  4000  de.  IW  el  -  100.5 
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Figure  E15.  Water-surface  profile  and  velocity  measurements,  Type  1  weir,  Q  «  4000  ds,  TW  el  s  109.5 
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Igure  E16.  Water-$urfac8  profile  and  velocity  measurements.  Type  1  wehr,  Q  «  4000  cfs,  TW  el  ■  108.0 


Figure  E17.  Water-surface  profile  and  velocity  measurements,  Type  1  weir,  Q  «  4000  cfe.  TW  el  s  107.0 


Figure  El  8.  Water-surface  profile  arxl  velocity  measurements,  Type  1  weir,  Q  =  4000  cfe,  TW  el  =  106.0 


Figure  E19.  Woter-surtaoe  profile  and  velocity  measurements,  Type  1  weir,  Q  s  4000  cfe,  TW  el «  105.0 


Figure  E20.  Type  1  weir,  Q  »  4000  cfe,  TW  el «  105.0 


Figure  E21.  Water-surfeoe  profile  and  velocity  measurements,  Type  1  weir,  Q  >  4000  cfe,  TW  el «  104.0 


Figure  E22.  Type  1  weir,  Q  >  4000  cfB.  TW  el  -  104.0 


Figure  E23.  Water-surtaoe  profile  aixl  velocity  measurements,  Type  1  wek',  Q  >  4000  cfs.  TW  el  >  103.0 


Figure  E24.  Type  1  weir,  Q  s  4000  cfs,  TW  el  >  103.0 


Figure  E26.  Water-surtaoe  profile  and  velocity  measuiements.  Type  1  weir,  Q  »  4000  cfi,  TW  el  >  102.0 


Figure  E27.  Type  1  weir,  Q  >  4000  cfe.  TW  el  ■  101.0 


WEIR 


Figure  E29.  Failed  riprap.  R1S00  stone.  Q  >  4000  cfe.  TW  el »  101.0 


Figure  E30.  Water-eurfaoe  profile  and  velocity  measurements.  Q  >  4000  els.  TW  el  >  101.0 


Figure  E31.  Type  2  weir,  Q  «  4000  ds,  TW  el «  109.0 
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Figure  E32.  Water-surfece  profile  and  velocity  measurements.  Type  2  weir,  Q  «  4000  cfs,  TW  el  >  109.0 
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Figure  E33.  Water-surface  profile  arKi  velocity  measurements,  Type  2  weir,  Q  =  4000  cfs,  TW  el »  108.0 


Figure  E34.  Water-surface  profile  and  velocity  measurements.  Type  2  weir,  Q  »  4000  cfe,  7W  el  =  107.0 


Figure  E35.  Type  2  weir,  Q  s  4000  cfs,  TW  el  «  105.0 


Figure  E36.  Water-surface  profile  and  velocity  measurements,  Type  2  weir.  Q  «  4000  cIs,  TW  el  ■  105.0 
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Figure  E37.  Water-surface  profile  arKf  velocity  measurements,  Type  2  weir.  Q  s  4000  cfs.  TW  el  *  104.0 
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Figure  E38.  Scour  area,  R1500  stone.  Type  2  weir,  Q  »  4000  cfe,  TW  el »  103.0 


Figure  E39.  Faiied  riprap,  R1500  stone,  Type  2  weir,  Q  «  4000  cfs,  7W  el  >  103.0 


Figure  E40.  Type  2  weir,  Q  «  4000  cfs,  TW  el  -  103.0 
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Figure  E43.  Water-surface  profile  and  velocity  measurements,  grouted  riprap,  Q  >  4000  cfs,  TW  el  «  100.0 


Figure  E44.  Water-surface  profile  and  velocity  measurments,  grouted  riprap,  Q  *  4000  cfc,  TW  el  *  99.0 


Figure  E45.  Type  1  weir,  grouted  r^xep,  Q  «  5300  cfe,  TW  el «  109.0 


Figure  E46.  Water-surfeoe  profile  arKi  velocity  measurements,  grouted  r^xap,  Q  >  5300  cfs,  TW  «  109.0 


Figure  E47.  Water-surface  profile  and  velocity  measurements,  grouted  riprap,  Q  =  5300  cfs,  TW  el  =  108.0 


Figure  E49.  Type  1  weir,  grouted  riprap,  Q  =  5300  cfs,  TW  el  *  107.0 
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Figure  E50.  Water-surface  profile  and  velocity  measurements,  grouted  riprap.  Q  «  5300  cfs,  TW  el  >  106.0 


Figure  E51.  Type  1  weir,  grouted  riprap,  Q  =  5300  cfs,  TW  el  *  105.0 
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Figure  E53.  Failed  riprap.  R200,  Q  -  5300  ds.  TW  el  -  105.0 


Figure  ESS.  q/dSO  versus  submergence  for  large  riprap  sizes 
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Figure  E56.  Comparison  between  modified  equation  for  10-ft  drop  and  CSU  equation  for  6-ft  drop 


Figure  ES7.  q/dSO  versus  submergence  for  small  riprap 
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The  puipose  of  monitoring  the  Demonstration  Erosion  Control  (DEC)  Project  is  to  evaluate  and  docu¬ 
ment  watoshed  response  to  the  inqilemented  DEC  Project.  Documentation  of  watershed  responses  to  DEC 
Project  features  will  allow  the  participating  agencies  a  unique  opportunity  to  determine  the  effectiveness  of 
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A  1: 12-scale  physical  model  was  used  to  investigate  a  proposed  sheet-pile  grade  control  structure  for 
the  DEC  Project  in  Ae  Yazoo  Basin,  Mississippi.  Low-drop  grade  control  structures  have  been  used  as  a 
means  to  arrest  erosion  in  incising  channels.  Existing  design  criteria  for  these  sheet-pile  drop  structures  have 
been  based  on  a  maximum  drop  of  6  ft.  The  objective  of  this  study  was  to  determine  the  feasibility  of  using 
a  10-ft  drop  and  develop  design  guidance  pertaining  to  the  higher  drop. 

A  drop  structure  design  based  on  a  study  conducted  by  Colorado  State  University  (CSU)  was  adopted 
for  the  10-ft  drop.  An  equation  developed  by  CSU  for  sizing  riprap  in  the  stilling  basin  floor  was  modified 
for  the  higher  drop  based  on  results  of  the  physical  model  test. 
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